ABSTRACT
INTRODUCTION
The Cre/ lox system is a powerful genetic tool for manipulating the genome and controlling gene expression. The Cre recombinase enzyme mediates the specific recombination between two loxP(locus of crossing over) sites in the genome. This recombination has been used to delete genes in specific cell types in mice, recombine plasmids in living cells, and alter/recombine sequences in vitro (12) (13) (14) . In the present study, we sought to combine the power of the Cre/ lox system with the red (3, 8, 9) and green (2,10) fluorescent proteins to create a fluorescent binary switch that can be detected in living cells.
MATERIALS AND METHODS
Our idea was to create a construct that expressed the red fluorescent protein (DsRed ® ; Clontech Laboratories, Palo Alto, CA, USA) in the absence of Cre recombinase and the enhanced green fluorescent protein (EGFP; Clontech Laboratories), following a Cremediated recombination event. To create this, we used plasmids recently produced by Invitrogen (Carlsbad, CA, USA) as a part of the Echo ™ cloning system ( Figure 1) . By replacing the Neo gene of pcDNA3.1E with the sequence encoding EGFP and using pUni/V5-His-TOPO to introduce the DsRed coding sequence, it was possible to create a construct in which the cytomegalovirus (CMV) promoter was separated from DsRed by a loxH site (6) . Downstream of DsRed, a loxPsite is followed by a sequence encoding EGFP. In the case of Cre-mediated recombination at the loxH/ loxPsites, the DsRed sequence is deleted and EGFP is produced.
Briefly, the constructs were built as follows. AnEco RI synthetic linker was ligated into the Pme I/ Sma I-digested pcDNA3.1E. The coding sequence of EGFP was then inserted into this site as an Eco RI fragment, creating the plasmid pYY9. The DsRed coding sequence was amplified from pDsRed1-N1 (Clontech Laboratories) with primers 5 ′ -AGTCGAGGCCGCTACA -GGAACAGGTGGTG-3 ′ and 5 ′ -GCC -ACCATGGTGCGCTCCTCCAAG-AAC-3 ′ . This product was subcloned into pUni/V5-His-TOPO to create pRY1. The Sma I site of this plasmid was then converted into a Not I site with a synthetic linker, creating pYY10. Cremediated recombination was used to combine plasmids pYY9 and pYY10, giving rise to pYY11. A Not I digest of the plasmid, followed by ligation, was used to drop the pUni/V5-His-TOPO backbone, creating the Cre Stoplight.
HEK 293 cells (5) were cultured in 2 mL DMEM with 10% FCS and Earl ' s salts in 35-mm, glass-bottom microplates (MatTek, Ashland, MA, USA). The cells were transiently transfected with varying ratios of a Cre recombinase expression plasmid (pBS -185; Invitrogen) approximately 48 h after plating, using L IPOFECT AMINE ™ 2000 (Invitrogen). Total DNA was kept constant at 1 µ g. To examine the Cre Stoplight in the context of genomic integration, cells were co-transfected with a 1:1 ratio of Cre Stoplight and pcDNA3.1E and subsequently maintained on G418 selection for 25 days.
The cells were imaged with an Axiovert S100 TV inverted microscope fitted with Ludl filter wheels (Carl Zeiss, Thornwood, NY, USA) in the epifluorescence excitation and emission paths, and a cooled charge-coupled device (CCD) camera (Micro -MAX™; Roper Scientific, Trenton, NJ, USA) was used to collect the images. Specific excitation and emission filters and a common dichroic element were used to isolate the signals of the two different fluorescent proteins (HQ FITC and Texas Red ® excitation and emission filters, and FITC/Texas Red V3 dichroic; Chroma Technology, Brattleboro, VT, USA). The filter wheels and camera were controlled by IPLabs software (Scanalytics, Fairfax, VA, USA). Sets of the red and green fluorescent images were collected to analyze the relative percentage of cells that had converted from red to green fluorescence. The images were analyzed and prepared for publication with IPLabs and Adobe ® InDesign ® soft - 
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RESULTS
The Cre Stoplight should produce only DsRed protein unless Cre recombinase is present. When we tested the Cre Stoplight plasmid alone in HEK 293 cells, there were some unexpected properties of the DsRed signal that set some constraints on the use of this reporter. Cells transfected with the Cre Stoplight reporter produced a bright red fluorescence in 1-2 days (Figure 2A ), but this signal developed much more slowly than the signal produced by EGFP under similar conditions. Moreover, some of the red cells had a very weak green fluorescent signal in addition to the red signal. At 24 h, this produced cells with a green-to-red signal ratio of 1:30, which decreased to 1:100 or less by 48 h. These results can be explained by the recent observation that the DsRed protein matures quite slowly and passes through a green intermediate state (3, 9) . Because the DsRed signal matures slowly and the weak green signal is seen after 24 h, this reporter construct has a limited temporal resolution and appears to provide an accurate readout only after 48 h.
Forty-eight hours after co-transfection with pBS185 (the Cre recombinase (Table 1) . Cells transfected with the Cre Stoplight alone remained red throughout the time period (Figure 2A) . Cells co-transfected with the pBS185 and Cre Stoplight plasmids at ratios of 1:1 ( Figure 2B ) and 1:100 ( Figure 2C ) converted to green roughly 90% of the time. Indeed, the ratio had to be reduced to 1:1 0 000 ( Figure 2D ) to see a large drop in the efficiency of red to green conversion.
Fluorescence-activated cell sorting (FACS) offers a more quantitative way to look at the signals generated by the Cre Stoplight. To calibrate the instrument, we sorted HEK 293 cells transiently transfected with an EGFP expression plasmid ( Figure 3A) . This was easily distinguished from the bright red signal produced in cells transfected with the Cre Stoplight alone ( Figure 3B ). Co-transfection of the Cre Stoplight and pBS185 appeared to convert 94% of the bright red fluorescent cells so that they exceeded the threshold for green detection ( Figure 3C ; vertical line).
To test whether this reporter system could be used in the context of the genome, we maintained transfected cells under selection for 25 days. Roughly half continued to express the DsRed protein. Transient transfection with pBS185 revealed that many of the cells were capable of converting from red to green (Figure 4) . However, without generating clonal lines, it is impossible to determine the exact efficiency of this process. Moreover, we did find a very small number of spontaneous conversions to green in the absence of pBS185.
DISCUSSION
In the context of transiently transfected cells or transgenic animals with conditional genomic alterations, it is often first necessary to determine whether the cells have been successfully transfected with the Cre construct or if Cre is being expressed in the correct cell types at the correct time. One existing construct for detecting Cre expression involves separating a strong promoter element from lacZ with a transcription/ translation stop sequence flanked by loxPsites (15) . A drawback to this approach is that the absence of reporter expression can be difficult to interpret: are the cells actually transfected, is the promoter sufficient to drive reporter expression in that particular cell type, and is the level of reporter expression sufficient for detection? Several Cre reporter systems have been built to address this problem. All of these systems use Cremediated recombination of two loxP sites to replace one reporter with another. However, the reporters used to date have largely been histochemical markers, such as lacZ and human placental alkaline phosphatase (7) or lacZ and CAT (1) . One system employs GFP, but the second, conditional reporter is lacZ S h o r t Technical Re p o r ts (11) . While useful, all of these constructs require the fixation and staining of the cells or tissue to be analyzed. There is also a potential difficulty in interpreting the results in that the signals produced by these systems cannot be detected simultaneously.
The two fluorescent proteins produced by the Cre Stoplight construct offer the advantages of live-cell sorting and obtaining quantitative measurements of the two proteins for comparison and establishment of detection thresholds. One can envision how the signals produced by this switch could be used to detect events that occur either very quickly in the cell or produce only low levels of expression. The ability to rapidly sort cells based on this signal could, in turn, make it possible to use the signal as a tool for separating and comparing cells that have responded differently.
